Matrix vector multiplier with time varying single dimensional spatial light modulators by Tarasevich, A. et al.
MATRIX VECTOR MULTIPLIER 
WITH TIME VARYING SINGLE DIMENSIONAL SPATIAL LIGHT MODULATORS 
A. Tarasevich  and N .  Zepkin 
Lockheed E l e c t r o n i c s  Company 
P l a i n f i e l d ,  New J e r s e y  
W. T.  Rhodes 
Georgia I n s t i t u t e  of Technology 
At l an ta ,  Georgia 
ABSTRACT 
Opt i ca l  Matrix Vector M u l t i p l i e r s  (OMVM) a r e  of i n t e r e s t  t o  r e a l  t i m e  adapt ive  
a r r a y  beam forming. F e a s i b i l i t y  of  h igh  speed compact s i g n a l  process ing  f o r  
a p p l i c a t i o n s  such as s ide lobe  c a n c e l l i n g  has  y e t  t o  be demonstrated.  The 
importance o f  t h e  OMVM s t e m s  from t h e  fo l lowing:  
(1) Because of i t s  o p t i c a l  p a r a l l e l i s m  it can o p e r a t e  a t  extremely h igh  
speeds,  su rpass ing  by s e v e r a l  o r d e r s  of  magnitude competing e l e c t r o n i c  
techniques .  
( 2 )  The matr ix-vector  m u l t i p l i c a t i o n  ope ra t ion  is  b a s i c  t o  a v a r i e t y  o f  
important  s i g n a l  process ing  a p p l i c a t i o n s ,  i nc lud ing  adapt ive  a r r a y  
process ing  and o t h e r  g e n e r a l  c o n t r o l  o p e r a t i o n s .  
The very h igh  speed of the OMVM s t r o n g l y  sugges t s  i t s  a p p l i c a t i o n  t o  i t e r a t i v e  
p rocess ing ,  where i n  a very  s h o r t  t i m e  t h e  system can cyc le  through perhaps 100 
i t e r a t i o n s ,  and assuming necessary  convergence, y i e l d  a s o l u t i o n .  This method 
has been suggested as a means of i n v e r t i n g  t h e  covar iance  mat r ix  a s s o c i a t e d  
wi th  no i se  samples f r o m  adap t ive  a r r a y  antenna elements .  A review of t h e  jammer 
problem f o r  r a d a r s  i n d i c a t e s  t h a t  s o l u t i o n  i s  requ i r ed  i n  t h e  1 psec t o  10  psec 
range. The s p a t i a l  l i g h t  modulator must be updated w i t h i n  t h i s  t i m e  frame. 
W e  w i l l  d e s c r i b e  he re  t h e  o p t i c a l  a r c h i t e c t u r e  of an incoherent  ma t r ix  vec to r  
m u l t i p l i e r  where t h e  m a t r i x  is  complex and sepa rab le  i n t o  o u t e r  product  v e c t o r s .  
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INTRODUCTION 
I n  t h e  l a t e  1970'~~ r e s e a r c h e r s  a t  S tanford  Un ive r s i ty  began i n v e s t i g a t i o n  
of  a new c l a s s  of i ncohe ren t  e l e c t r o - o p t i c a l  p rocesso r s  f o r  h igh  speed matrix- 
v e c t o r  m u l t i p l i e r s  ( r e f .  1, 2 ) .  Work has  cont inued,  both a t  S tanford  ( r e f .  3 )  
and Carnegie  Mellon I n s t i t u t e ,  t o  t h e  p o i n t  w e r e  s i g n i f i c a n t  p rocess ing  
c a p a b i l i t i e s  have been demonstrated.  It is  no t  unreasonable t o  expec t  t h a t  
such systems could perform lo8  matr ix-vector  m u l t i p l i e s  p e r  second w i t h  100x100 
element matrices. 
One l i m i t a t i o n  of t h e s e  processors a s  developed t h u s  f a r  i s  t h e  r e l a t i v e l y  
f i x e d  n a t u r e  of t h e  mask r e p r e s e n t i n g  t h e  matrix.  
masks have been employed, and process ing  where t h e  mat r ix  must change wi th  some 
r a p i d i t y  has  been impossible .  
I n  g e n e r a l  photogxaphic 
I n  our  s e a r c h  f o r  a ma t r ix  mask t h a t  can be updated r a p i d l y ,  we  have cons idered  
several cand ida te  s p a t i a l  l i g h t  modulators ( r e f .  4 )  (SLMs), i nc lud ing  t h e  
I t e k  PROM, and t h e  Hughes LCLV. Nei ther  t h e  PROM nor t h e  LCLV can be cyc led  
a t  rates approaching 1 MHz, and t h e s e  candida tes  are thus  unacceptable .  A mosaic 
of pockels  cells  could perhaps be made t o  ope ra t e  i n  t h e  d e s i r e d  f a sh ion .  
However, t h e r e  are t h e  u s u a l  problems of swi tch ing  high v o l t a g e s  i n  microseconds,  
and severe e l e c t r o n i c  c r o s s t a l k  appears  i n e v i t a b l e .  we 
have s e t t l e d  on a scheme whereby t h e  mask is  implemented acous to -op t i ca l ly .  
Acousto-optic modulators possess  several d e s i r a b l e  f e a t u r e s  when used i n  s i g n a l  
p rocess ing  systems. These inc lude  r e l i a b i l i t y ,  a v a i l a b i l i t y ,  h igh  response 
speeds,  and wide bandwidths. However, they  are no t  e a s i l y  adaptab le  t o  use  as 2-D 
s p a t i a l  l i g h t  modulators. The b a s i c  technique and system a r c h i t e c t u r e  f o r  a 
p a i r  of 1-D SLMs is d i scussed  i n  t h e  fol lowing s e c t i o n .  
ACOUSTO-OPTIC IMPLEMENTATION OF VECTOR MULTIPLICATION BY OUTER PRODUCT MATRICES 
The o p e r a t i o n  t o  be implemented is: 
where 5 is  a complex i n p u t  column vec to r .  
- H is a complex ma t r ix  sepa rab le  i n t o  o u t e r  products :  
- -t 
H = A B  - 
T h e m u l t i p l i c a t i o n  of sepa rab le  ma t r i ces  would be p o s s i b l e  i f  t h e  OMVM w e r e  a 
coherent  processor .  When t h e  necessary  complex t o  non-negative real  encoding 
of  H i s  implemented f o r  an incohe ren t  p rocesso r ,  t h e  sepa rab le  form of  t h e  system 
ma t r ix  is  des t royed .  
requirement  f o r  2-D masks. Consider one p o s s i b l e  method. W e  can d e f i n e  
expres s ions  i n  which v e c t o r s  and matrices a r e  def ined  i n  t h e  fo l lowing  form ( r e f  5 ,6 ) .  
However by us ing  t ime mul t ip l ex ing  w e  can s t i l l  avoid t h e  
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(3a) - i8 - i28 
- -  
X = X  + X e  +X2e 0 1 
i2Q (3c) if3 H = H  + H e  + H e  
-0 -1 -2 - 
_ _ - - - -  
where X o l  XlI X2; Yo' Y1, Y2; % I  H 
real and where 8 = 2 n/3. 
H are all non-negative -1' -2 
- - -  
The components Xi' Yil Hi' i = 0,1,2 have the 
- -  
dimensions of XI Y, and I f l  respectively. 
The basic matrix vector multiplication operation can be written: 
H -1 H 5) -2 
H 3 -2 
% 
H -1 
H -1 H 4 -2 
(4) 
Consider the case where - H is an outer product matrix (2). 
(2) in terms of a three component decomposition, we have H = (x + e 
If we express 
( 5 )  
ie + 
0 1 -
-t i28 t + B e  ) 2 
- -t -t iQ A eiae) (B + B e 2 0 1 
Multiplying through and collecting terms in powers of exp (iQ) we find that 
= A  B + A B 4- X2B1 II, 0 0  1 2  
- -  - 
H = A B  + A B  + A B  -1 0 1 1 0  2 2  
- -  - - -  + A B  
+ A1 B1 2 0  H = A. B2 -2 
To represent - H by a three-component decomposition, we need nine outer 
products. 
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These n ine  o u t e r  products  can be produced us ing  a pair of  c rossed  a c o u s t o -  
- o p t i c  c e l l s  wi th  m u l t i p l e  t r ansduce r s .  
A Et 
formed a t  the i n t e r s e c t i o n  of  t h e  a c o u s t i c  waves, i n  t h e  fol lowing format:  
L e t  M = 
Figure  1 i l l u s t r a t e s  t h e  case where 
i s  a two-dimensional complex mat r ix .  The d e s i r e d  o u t e r  products  are 
- 
- 
%2 
M -1 2 
M 
-2 2 
M =  - 
- 
A B  
0 0  
- 
A B  0 1  
_ -  - -  
A1 Bo Ax B1 
- -  
A B  
2 0  - 
A t  t h i s  s t a g e  w e  encounter  a d i f f i c u  t y  i n  system a h i t e c t u r e :  a 
( 7 )  
though t h e  _ _  - 
var ious  o u t e r  products  of ( 3 ) ,  t oge the r  w i th  i n p u t  vec to r  components x X 0 '  1' x2, are s u f f i c i e n t  t o  a l low c a l c u l a t i o n  of u, t h e s e  o u t e r  products  are n o t  
arranged so as t o  a l low d i r e c t  implementation o f  equat ion  ( 4 ) .  The t h r e e -  
component form o f  ma t r ix  H 
- 
i i ts  
H - 
If 
H 
-2 
=~ % 
H 
-2 -1 
t r e p r e s e n t a b l e  an o u t e r  produc . A s  a 
consequence, it appears as though system a r c h i t e c t u r e  w i l l  of n e c e s s i t y  
be more complicated than  would be t h e  case w e r e  - H d i r e c t l y  r e a l i z e d  by, 
f o r  example, a more g e n e r a l  2-D SLM. 
M =  - 
M 
-00 %l 
M 
-10 
M 
-2 0 
M 
-11 
M 
-2 1 
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From equations (31, (61, (7) and (9) we have 
- 
= H X  + H X  + H  2 yo -0 0 -2 1 -1 2 
= M  2 + M  % + M  2 + 
-00 0 -12 0 -21 0 
-02 M x 1 + Plll%l + f220%l + 
M x + M  % + M  2 -01 2 -10 2 -22 2 
Y1 = H X + s X 1  E 2 X z  -1 0 
M 2 + M % + g2,x0 -01 0 -10 0 + 
M % + M 2 + &121%1 + 
-00 1 -12 1 
M x + M % + &120%2 - 0 2  2 -11 2 
Y 2 = H X  + H X  + H X  
-2 0 -11 - 0 2  
M X + M X + b120Xo + 4 2  0 -11 0 
M x + M  2 + M  x 4 4 1  1 -10 1 -22 1 
M x + M  + M  2 
-00 2 -12 2 -21 2 
Inspection shows that component 7 can be expxessed by n 
- 
Y =  n M X  L -ij k 
where i,j,k satisfy the relationship 
(i+j+k) mod 3 = n 
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- - -  
Given t h e  ma t r ix  M and i n p u t  0 1 2  a l l  t h e  terms of TlO) by a s i n g l e  vec tor -mat r ix  m u l t i p l i c a t i o n  ope ra t ion .  
It is, however, p o s s i b l e  t o  gene ra t e  7 with  t h r e e  vec tor -mat r ix  m u l t i p l i c a t i o n  
o p e r a t i o n s ,  a s  fo l lows .  
F i r s t ,  i n p u t  t h e  v e c t o r  (x X x,It and c a l c u l a t e  i t s  product  wi th  M. 
W e  w r i t e  t h e  r e s u l t i n g  pro8uc$ a s  
= ( X  X X ) t ,  it is  n o t  p o s s i b l e  t o  genera te  
- 
- 
Y 
O a  
_. 
0 
X 
- - 
2 
= M  X - Y la 
This  is followed by t h e  o p e r a t i o n s  
lb Y 
- 
2b 
Y 
- 
'Ob 
Y 
2c 
M 
_. 
1 X 
- 
2 
X 
- - 
1 = M X  - 'OC 
If t h e  o u t p u t s  of t h e s e  t h r e e  o p e r a t i o n s  a r e  p rope r ly  combined, t h e  r e s u l t  i s  
t h e  d e s i r e d  three-component r e p r e s e n t a t i o n  for Y. S p e c i f i c a l l y ,  
- - - 
0 Oa + 'Ob + Yoc Y = Y  
- - - + Y lb IC Y = Y  + Y  1 l a  
- - - 
'2c + + '2b Y = Y2a  2 
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- 
Study of  t h e s e  equa t ions  shows t h a t  as t h e  components x X and a r e  
s tepped c y c l i c a l l y  i n  t h e  i n p u t ,  t h e  components of y 
themselves s tepped c y c l i c a l l y .  One method f o r  performing t h e  summation of 
( 1 2 )  and (13)  i s  t o  use charge-coupled i n t e g r a t i n g  d e t e c t o r s  i n  t h e  ou tpu t  
p lane  of  t h e  o p t i c a l  system. The i n t e g r a t e d  charges can then be s tepped 
synchronously wi th  t h e  i n p u t  components. Another method is  t o  use h igh  
speed ana log  swi tches  and s h o r t  de lay  l i n e s  f o r  s t o r a g e .  
0' 2 '  - 1 
Y1, and Y2 are 
0 '  
PLANS FOR IMPLEMENTATION 
The b a s i c  o p t i c a l  l ayou t  o f  t h e  i t e r a t i v e  p rocesso r  i s  shown schemat i ca l ly  
i n  f i g u r e  2. L ight  emi t t ed  from t h e  sources  i s  co l l ima ted  i n t o  N p a r a l l e l  
beams by means of a s e t  l e n s  L1. Each l e n s  is  a segment o f  a s p h e r i c a l  l e n s .  
Thus, each r o w  of t h e  f i r s t  SLM is i l l umina ted  by a co l l ima ted  beam from one 
of t h e  l i g h t  sources .  The o u t p u t  beams from t h e  A0 Bragg c e l l ,  A ,  a r e  focused 
by l e n s  L4,  s p a t i a l l y  f i l t e r e d  by S1, and r eco l l ima ted  by L5. The l e n s  
set L4-L5 images t h e  a p e r t u r e  of  Braqg c e l l  A a t  t h e  second Braqg c e l l ,  B. 
The modulated beam from t h e  second Bragg c e l l  is s p a t i a l l y  f i l t e r e d  and brought  
t o  focus on t h e  l i n e a r  d e t e c t o r  a r r a y .  The s p a t i a l  f i t l e r s  a r e  necessary  
only  t o  remove t h e  ze ro  and second o rde r  beams. The output  beams a r e  modulated 
i n  i n t e n s i t y  a t  NxN p o i n t s  w i t h i n  t h e  o p t i c a l  ape r tu re .  This  r e p r e s e n t a t i o n  
i s  e q u i v a l e n t  t o  having both masks loca ted  a t  t h e  same p lane .  The o u t p u t s  
from t h e  l i g h t  e m i t t e r s  are modulated by v e c t o r s  whose elements a r e  x . On 
m u l t i p l i c a t i o n ,  t h e  ou tpu t  t e r m s  a r e  y = Z A j B i X .  j 
j 
j 
When a non-negative real  approach i s  implemented, t h e  above scheme must be 
modified.  The speed of  t h e  processor  is  slowed down by approximately a f a c t o r  
of  t h r e e ,  s i n c e  f o r  each i t e r a t i o n  of  t h r e e  success ive  m u l t i p l i c a t i o n s  must be 
c a r r i e d  ou t .  
i n p u t  vec to r  i s  s h i f t e d .  The t h r e e  success ive  o u t p u t s  are added as i n  equat ion  
(18). The o u t p u t  v e c t o r  t hen  becomes t h e  inpu t  t o  t h e  l i g h t  emitters as i n  o t h e r  
i t e r a t i v e  o p t i c a l  p rocesso r s .  
Af t e r  each m u l t i p l i c a t i o n  t h e  analog d a t a  must be s t o r e d  whi le  t h e  
The t i m e  mul t ip lexed  method descr ibed  can be implemented using CCD s h i f t  r e g i s t e r s .  
Unfor tuna te ly ,  s t a t e  of t h e  a r t  CCD s h i f t  r e g i s t e r s  ope ra t ing  a t  t h e  necessary  
speed l a c k  t h e  dynamic range and no i se  p r o p e r t i e s  necessary  f o r  our  a p p l i c a t i o n s .  
W e  have t h u s  chosen t o  implement t h e  p rev ious ly  mentioned procedure u t i l i z i n g  f a s t  
four  channel  CMOS analog mul t ip l exe r  swi tches  arranged i n  a swi tch ing  ma t r ix  con- 
f i g u r a t i o n .  Re fe r r ing  t o  f i g u r e  3 ,  as t h e  MUX is  c locked ,  i ts  ou tpu t  is s h i f t e d  
along t h e  l i n e a r  laser d i  de a r r a y s .  S i m i l a r l y ,  a t  t h e  l i n e a r  p o todiode  a r r a y ,  
are s t o r e d  i n  c o a x i a l  cab le  de lay  l i n e s .  The i n p u t  X vec to r  i s  then  switched t o  
( X  X X 2 ) t  and t h e  o u t p u t  (Y 
a d  s?ored i n  another  de l ay  like. 2bTh?b? procedure i s  repea ted  a t h i r d  t i m e  , 
wi th  t h e  appropr i a t e  combinations taken t o  y i e l d  t h e  d e s i r e d  ou tpu t s .  
- - i !  from t h e  f i r s t  i npu t  cyc le  (E X X ) ? - -  t h e  o u t p u t s  (Y O a  'la '2a) 0 2 1  
- _ -  - -  
Y Y I t  is switched t o  t h e  proper  l o c a t i o n  
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Some of  t h e  problems p a r t i c u l a r  t o  t h e  implementation involve  n o n - l i n e a r i t i e s  
i n  t h e  Bragg d i f f r a c t i o n  p rocess ,  electrical  and acoustic c r o s s t a l k ,  and l i m i t e d  
dynamic range due t o  l i g h t  s c a t t e r i n g .  
CONCLUSIONS 
t h e  
1. 
2 .  
3.  
4. 
5. 
6. 
An a n a l y s i s  has  been performed of t h e  a p p l i c a b i l i t y  of i t e r a t i v e  o p t i c a l  
p rocesso r s  i n  environments r e q u i r i n g  a s h o r t  t r a n s i e n t  response t i m e .  An 
approach has  been proposed u t i l i z i n g  r e a l i z a b l e  acousto-opt ic  s i n g l e  
dimension l i g h t  modulators where the ma t r ix  i s  t h e  o u t e r  product  of t w o  v e c t o r s .  
The problems a s s o c i a t e d  wi th  a non-negative r e a l  r e p r e s e n t a t i o n  have been 
addressed.  A s o l u t i o n  has  been proposed a l b e i t  a t  some c o s t  of processo r  
speed. A proof of concept experiment i s  underway which w i l l  b e t t e r  determine 
l i m i t a t i o n s  and advantages of t h i s  method. 
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Figure 1.- Outer product geometry for producing elements of - M with a pair 
of six transducer acousto-optic cells. 
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Figure 2.- Optical system for matrix vector 
processor with separable masks. 
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ACOUSTO-OPTIC 
Figure  3 . -  System a r c h i t e c t u r e  for  OMVM, w i th  t i m e  va ry ing  mask. 
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